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Abstract 
 
This report describes the development of a mathematical model of a mechanically 
controlled diesel engine for the purpose of implementing an engine simulator. 
The engine simulator is developed on a platform which will allow it to be interfaced to 
digital and analogue I/O. This will allow the development of an electrical simulator of a 
diesel engine, which can be used for testing alarm and instrumentation systems. 
Applications for which this simulator will be suited are mostly smaller stationary 
engines or marine engines. The simulator developed has been loosely based around a 
small radiator cooled naturally aspirated generating set, which was originally to be used 
as the experimental setup. Experimentation to determine parameters and validate the 
model could not be performed due to failure of the experimental setup. Due to this 
setback the model has been developed from literature and first principles and has been 
parameterised using literature values of physical constants and manual data for the 
engine that was to be used. Consequently no validation could be done besides 
comparing the steady state output values with typical values that would be observed for 
an engine of this type and verifying that the qualitative nature of the observed response 
is reasonable.   iv
Acknowledgements 
 
 
I would like to thank my academic supervisor Gareth Lee and the unit coordinator 
Parisa Bahri for their help and encouragement over the course of this project. 
 
Thanks also go to Tom Cull, Managing Director of Cullys for providing the initial idea 
for this project and for providing access to the equipment that became the basis for the 
model developed during this project. 
  v
Contents 
 
E n d o r s e m e n t          i i  
A b s t r a c t           i i i  
Acknowledgements          iv 
Contents          v 
L i s t   o f   F i g u r e s          v i  
List  of  Tables         vii 
Introduction         1 
Chapter 1 – Problem Statement            2 
  1.1  Background        2 
  1.2  Requirements        3 
  1.3  Problem to be Solved and Proposed Experimental Setup  4 
Chapter 2 – Review of Literature Models          7 
  2.1  Survey of Available Literature        7 
  2.2  Literature  Models       11 
  2.3  Additional  Required  Models      16 
Chapter 3 – Model Formulation             20 
  3.1  Assembly of the Model Elements        20 
  3.2  Model  Equations       27 
Chapter 4 – Simulation Implementation          45 
  4.1  Platform  Selection       45 
  4.2  Implementation of the Model within LabVIEW    47 
  4.3  Parameter  Handling       48 
  4.4  Alarms and Fault Simulation         50 
Chapter 5 – Qualitative Evaluation          51 
  5.1  Test  Method        51 
  5.2  Load  Testing        51 
  5.3  Failure  Simulation       54 
Chapter 6 – Future Improvements          58 
Conclusions         60 
Bibliography         61 
Appendix A – Specification Levels          62 
Appendix B – Faults to Simulate           63 
Appendix C – CD Contents            64 
  vi
List of Figures 
 
Fig 2.1  Inputs and Outputs for Gas Receiver Model        11 
Fig 2.2  Inputs and Outputs for Compressible Flow Model      11 
Fig 2.3  Inputs and Outputs for Gas Transfer Model        12 
Fig 2.4  Inputs and Outputs for Torque Generation Model      13 
Fig 2.5  Inputs and Outputs for Engine Speed Model       14 
Fig 2.6  Inputs and Outputs for Engine Thermal Model      14 
Fig 2.7  Inputs and Outputs for External Cooling Circuit Model    15 
Fig 2.8  Inputs and Outputs for Speed Control Model       16 
Fig 2.9  Inputs and Outputs for Load Model          17 
Fig 2.10  Inputs and Outputs for Oil Pressure Model        17 
Fig 2.11  Inputs and Outputs for Coolant Flow Model       18 
Fig 2.12  Inputs and Outputs for Coolant Bypass Model      18 
Fig 3.1  Inputs and Outputs for an Overall Model of the Engine    21 
Fig 3.2  Internal Structure of the Engine Model        22 
Fig 3.3  Inputs and Outputs for an Overall Model of the External 
Cooling  Circuit        23 
Fig 3.4  Internal Structure of the External Cooling Circuit Model    24 
Fig 3.5  Load Model Symbols             24 
Fig 3.6  Structure of Test System Model          25 
Fig 3.7  Inputs and Outputs for an Overall Model of the Test Genset   26 
Fig 3.8  Relationship between Governor Spring Constant and 
Throttle  Position        37 
Fig 3.9  Relationship between Governor Damping Coefficient and 
Throttle  Position        37 
Fig 5.1  Engine Parameter Response to an Increase in Load 
from 0% to 50 %              52 
Fig 5.2  Oil Pressure Relief Valve Failed Open Simulation at 50% Load  54 
Fig 5.3  Coolant Thermovalve Failed Open Simulation at 50% Load   55 
Fig 5.4  Coolant Thermovalve Failed Open Simulation at 50% Load   56 
  
  vii
List of Tables 
 
Table 3.1  Symbols and Units used in the Engine Model      22 
Table 3.2  Symbols and Units used in the Cooling System Model    24 
Table 3.3  Symbols and Units used in the Load Model        25 
Table 3.4  Symbols and Units used in the Manifold Models      28 
Table 3.5  Symbols and Units used in the Compressible Flow Models    30 
Table 3.6  Symbols and Units used in the Gas Transfer Model      32 
Table 3.7  Symbols and Units used in the Torque Generation Model    34 
Table 3.8  Symbols and Units used in the Engine Speed Model     35 
Table 3.9  Mean Governor Spring Constant at Various Speeds      36 
Table 3.10 Governor Damping Coefficient at Various Throttle Positions  37 
Table 3.11 Symbols and Units used in the Speed Control Model    39 
Table 3.12 Symbols and Units used in the Cooling and Lubrication Model  40 
Table 3.13 Symbols and Units used in the External Cooling Circuit Model  43 
Table 3.14 Symbols and Units used in the Load Model        44 
Table 4.1  Global Model Parameters            48 
Table 4.2  Load Model Parameters            49 
Table 4.3  External Cooling Model Parameters          49 
Table 4.4  Engine Model Parameters            49 
Table  4.5  Digital  Alarms         50 
Table 5.1  Steady-State Values under Various Load Conditions      53 
Table 5.2  Oil Pressure Relief Valve Failure Simulation at 50% Load    54 
Table 5.3  Coolant Thermovalve Failure Simulation at 50% Load    56 
  
  1
Introduction 
 
The goal of this project was to develop a model of a mechanically controlled diesel 
engine and to implement a real-time simulation of this model. This simulation was 
implemented in a manner allowing subsequent interfacing to appropriate I/O in order to 
simulate the electrical signals generated by a marine diesel engine during operation. 
 
The failure of a proposed test engine and consequent lack of suitable test equipment has 
prevented the quantitative parameterisation and validation of the model. However it was 
possible to implement the required models using literature values of the parameters for 
the test engine. A reasonable qualitative validation of the model behaviour was possible, 
as experience with the physical equipment allows prediction of the expected behaviour, 
which can be compared to the observed model behaviour. Consequently there was 
significant scope to achieve the basic requirement of simulating a diesel engine with the 
available equipment. 
 
This report describes work to date along with changes to the scope of the project to 
allow the resulting model to be at least qualitatively tested. Items that were removed 
from the scope of this project will be recorded as desirable future improvements. Many 
of these items can be modelled from first principles. This will allow future developers to 
focus only on calculating required parameters for these models. The test hardware, 
which was to be used for parameterisation and model validation, is described along with 
the implementation. However testing and validation could not be completed as the 
experimental engine was unserviceable.  
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Chapter 1 – Problem Statement 
 
1.1 Background 
Cullys has produced numerous engine control systems over the past 10 years. These 
have ranged in size and complexity from small manually controlled instrument panels to 
larger automated alarm and shutdown systems which have complied with maritime 
survey requirements. 
 
The objective of this project is to produce an engine simulation for testing all these 
levels of instrument systems. The requirements for a surveyed vessel include separate 
monitoring and safety systems (i.e. separate sensors and controllers), redundancy of 
sensors, and detection of failures within the safety system (Lloyd’s 1984, sec 3, 7). 
Additionally a large number of parameters must be monitored which are optional on 
smaller or unsurveyed systems. 
 
The selected engine monitoring and control system used as a basis to define the 
maximum specification level for this project was developed for a Deutz TBD620 V16 
engine, equipped to comply with Lloyd’s survey, which was supplied to Sydney Ferries 
in 2003. These engines are a 2000kW turbocharged high speed V16 diesel engine with 
separate turbochargers and manifolds for each cylinder bank. This system had the most 
comprehensive monitoring requirements of any system as yet constructed at Cullys. An 
engine simulator that satisfies the testing requirements for this particular system (see 
drawings in Appendix C) will be sufficient to test any engine monitoring systems that 
can reasonably be expected to be manufactured by Cullys. 
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1.2 Requirements 
The major requirement for this project is to develop an engine simulator that will 
generate the required signals to test the range of engine monitoring systems, whilst 
providing a convenient user interface and scaling from the simplest engines up to larger 
engines on surveyed vessels. A selection of signals is tabulated in Appendix A (where 
specification levels are also identified). Key requirements are lubrication oil 
temperature and pressure; jacket cooling water temperature; and exhaust gas 
temperature. To realistically simulate failure modes it is desirable to replicate the 
behaviour of these parameters under normal operation and fault conditions under 
various load conditions. This will require a number of models, including several 
separate lumped parameter models for the cooling water and lubricating oil 
temperatures, pressures and flow rates.  
 
The simulation is to be developed progressively as a set of subsystems in LabVIEW 
using modular code, with the intention of developing an initial simplified model for a 
smaller four cylinder naturally aspirated engine to allow the base engine model to be 
developed and validated. Add-in modules will subsequently be developed to provide the 
other desired functionality. These will be modelled from descriptions within the 
literature. This limitation may reduce the effectiveness of modelling failure modes; 
however this should not be an issue if the qualitative behaviour is observed. The 
functionality desired outside of normal operation is only to realistically simulate the 
sequence of alarms that would occur during typical engine failure scenarios. 
A selection of common failures for which behaviour should be simulated can be found 
in Appendix B. Where possible it is desirable to simulate failures quantitatively; 
however this will depend upon the availability of literature data for engines which have 
failed.   
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1.3  Problem to be Solved and Proposed Experimental Setup 
The required information to develop a detailed (or at least nontrivial) dynamic model of 
the heat and mass transfer processes within even a basic internal combustion engine 
required a review of literature outside Murdoch University’s library collection; however 
a number of online journal articles provided a promising starting point for the 
development of models for blow-by (Kurbet and Kumar, 2007) and heat transfer within 
the cylinder (Finol and Robinson, 2006). These were mostly too detailed for the project 
requirements; however they provided some of the desired information. It is also 
necessary to develop models for the torque produced as a function of fuelling and for 
the various types of load that could be connected to the engine. These load models will 
be limited to marine applications; however there is significant scope within this area of 
application. Engines are used in this environment for main propulsion, electricity 
generation, centrifugal pumps, and positive displacement pumps. Each of these load 
types has distinct characteristics, where some operate at constant speed with variable 
torque and others operate at variable speed, with the resulting torque and power draught 
determined by the load characteristics. It is desirable to simulate these different load 
types because engines can be overloaded differently under different operating 
conditions. The load and engine models will form a complete system, for which the 
interconnection of the final modules will comprise a set of coupled differential 
equations. This will add complexity to the development of a suitable experiment to 
obtain parameters, as a load must be used during testing. 
 
Experiments to obtain a dataset to parameterise and validate the model were intended to 
use a Kubota V1902 four cylinder naturally aspirated diesel engine. This engine is set 
up as a 13.5 kVA radiator cooled generating set; however experimentation was  
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impossible for this project as the engine was unserviceable. Consequently the model has 
been parameterised using the literature values for this engine along with literature 
values of thermodynamic constants. 
 
The intended experimental setup would have used the genset, which is set up to operate 
at a constant speed of approximately 1500 RPM, which was to be measured using a 
magnetic pickup on the flywheel. This measured speed would have been used to allow a 
model for the load torque to be developed. The load was to be applied by connecting a 
load bank to the alternator via a power transducer to obtain the instantaneous power 
draft. Flow sensors were to be installed on the engine to measure the fuel (supply and 
return), coolant and air flow rates. Temperature should have been measured for the 
ambient air, inlet manifold, cylinder head, exhaust gas, engine oil, coolant before 
radiator, coolant after radiator and exhaust gases. Sensors should also have been 
installed to measure oil pressure and gas pressure at the inlet and exhaust manifolds and 
within the crankcase. Measurements from all these sensors were to be logged using 
LabVIEW and a National Instruments PCI-6013 data acquisition card. Multiple tests 
were to be performed, during which the variable to be modified was to be the load on 
the alternator. 
 
Data gathered from these proposed tests would allow a number of models to be 
parameterised and validated. Measurements of the fuel and air mass flow rates would 
allow the calculation of the average charge mass for each cycle. This value, along with 
measurements of the inlet and exhaust temperatures and pressures would allow an 
energy balance to be used to calculate the thermal efficiency of combustion. From these 
values and those for the coolant energy loss; the energy input to the torque generation 
system can be calculated. A torque balance can then be calculated between the applied  
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load and the calculated input power at the measured speed. Whilst this method will not 
allow for the mechanical losses between the flywheel and the alternator and the losses 
due to the conversion efficiency of the alternator, it will allow a curve to be obtained 
which will model the relationship between fuelling and applied load. The resulting 
curve can be extrapolated to an applied load of zero to obtain a torque value for the 
losses. Parameter fitting of the speed response curve during a change in load will allow 
the moment of inertia of the engine/load system to be calculated and should allow a 
model to be developed that will predict the behaviour of this engine under variable load 
and throttle conditions. 
  7
Chapter 2 – Review of Literature Models  
2.1  Survey of Available Literature 
Information for the development of this model was not available within Murdoch 
University Library, as the literature available within both the Rockingham and South 
Street campuses dealt with steady-state equations for engines and descriptions of the 
physical systems within the engines. These were more suited for a tradesperson seeking 
information to repair an engine or a person involved in the selection of an engine and 
associated equipment, e.g. exhaust systems, gearboxes or cooling systems. 
 
Internal combustion engines have been in use for over a century, therefore it seemed 
unreasonable to accept that dynamic models were not available within existing 
literature. 
 
Internet searches provided no usable modelling information; however they suggested a 
promising book, which was ordered on an interlibrary loan. This was Guzzella and 
Onder (2004), which from a Google book preview appeared to provide the nonlinear 
differential equation models required for this project. 
 
During the delay between placement of the order and arrival of the book a search of the 
online databases was conducted. Proquest yielded a large number of articles that 
appeared to be potential sources of model elements; however these largely proved to be 
too specialised for the requirements of this project. These dealt with topics such as 
combustion transients and piston deformation (Abbes et al., 2004), which are outside 
the scope of a lumped parameter engine model of a type which would be suited to the 
goal of this project.  
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Piston and combustion dynamics are not necessary to generate a black box model of the 
thermal and load/speed characteristics of an engine. 
Whilst these articles may not be suitable references for the aim of this project, their 
content is summarised briefly as they may be useful references for future work should a 
model incorporating some of these internal effects become desirable. 
 
A crank angle based simulation of the in-cylinder behaviour of a homogeneous charge 
compression ignition petrol engine, which is described in  Angelos et al. (2008) was 
reviewed but was not appropriate for this project as the behaviour of this engine type 
has little similarity to a diesel engine. 
 
Broatch et al. (2007) describes the effects of cylinder geometry and ignition 
characteristics on the spectrum of the sound emitted by a diesel engine. Whilst noise is 
an important consideration for the design and selection of diesel engines, this is not 
within the scope of this project. 
 
Finol and Robinson (2006) describe various models for heat transfer coefficients and 
compare their predictions to experimental data. This information has not been used 
within this project; however it may be useful if a detailed model of the dynamics within 
the cylinder becomes desirable. Unfortunately development and validation of such a 
model may not be feasible due to the difficulty of experimentally observing the 
behaviour within a cylinder during a single cycle without highly specialised and 
expensive equipment. 
 
Guzzella & Onder (2004) provides good starting models for many elements of a model 
for a petrol or diesel engine. These models are suitable for the inlet and exhaust  
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manifold flow rates, temperatures and pressures, gas exchange processes, torque 
production, turbo charging and cooling systems; however these models mostly deal with 
modern automobile engines. The models consequently represent the current state of the 
art in engine design where engine driven fans and pumps are replaced by speed 
controlled electric pumps and fans. Obsolete mechanical control systems are replaced 
by more accurate computer timing and regulatory control systems, which provide more 
consistent power delivery, improved efficiency and reduced fuel consumption. This is 
both a strength and a weakness of Guzzella and Onder, which is concerned with the 
development of these control systems, as a reference text for use in the development of 
an engine simulator for marine applications. Advantages include readily available 
control-oriented engine models, all of which are systems of coupled nonlinear 
differential equations described for continuous time. These can be readily discretised 
and the resulting difference equations implemented as modules within the simulation. 
The key disadvantage is that in the marine industry, for various historical reasons, the 
aging mechanical systems are both still in use and still being produced in new machines. 
 
Additional models are required for oil temperature and pressure, fuelling systems, load 
torque and crankcase pressure. The load torque model will be developed from a torque 
balance with parameters determined from first principle models. The calculated friction 
losses from the torque generation model will be used as the input to a model for the oil 
temperature and the speed will be used as the input for the oil pressure model. 
 
A possible starting point for a model of crankcase pressure is described in Kurbet & 
Kumar (2007), where a model for blow-by is developed. However this is only of 
interest for future development as crankcase pressure is outside the scope of this project. 
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Potenza et al. (2007) describes a crank angle based model for the kinematic behaviour 
of the pistons and crankshaft. This model focuses on frictional losses and would be an 
excellent starting point for future development to improve the friction loss model used 
in this project; however the additional computational requirement for a real-time crank 
angle simulation may be prohibitive. 
 
A final piece of literature that may be of use for future development is Abbes et al. 
(2004), where piston distortion due to thermal and mechanical stresses is modelled. This 
may provide additional information for the development of a more detailed friction 
model, possibly allowing such effects as piston seizure to be modelled. 
 
A survey of literature that could be obtained during the timeframe of the literature 
search for this project has provided many model elements that can be used within this 
project or which may be incorporated into future enhancements. The major weakness of 
the obtained body of literature is that it describes very distinct approaches, engines, 
subsystems and model types. Consequently there is little overlap in the ideas presented 
by the various documents, limiting the opportunity to contrast or compare viewpoints 
between multiple references.  
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2.2  Literature Models 
2.2.1  Inlet and Exhaust Manifolds 
 
Fig. 2.1 Inputs and Outputs for Gas Receiver Model 
 
Guzzella and Onder (2004) models the inlet and exhaust manifolds as constant volume 
gas receivers which can be defined by mass and energy balances with temperature, 
pressure, internal energy and mass as state variables. These variables are linked both by 
the mass and energy balance equations and by fundamental equations of 
thermodynamics. This allows the entire system to be reduced to two coupled differential 
equations; these output the temperature and pressure of the gas within the reservoir. The 
inputs to these models are the input and output mass flow rates and the input 
temperature. The mass flow rates are defined by subsequent models, to which this 
model is coupled. These models interact with this model, and as this model is an 
accumulator of mass and energy, the level of these quantities within this element 
influences the inflow and outflow of mass differently. 
 
2.2.2  Compressible Flow Models 
  
Fig. 2.2 Inputs and Outputs for Compressible Flow Model 
 
Temperature in 
Pressure out
Pressure in
Mass Flow
 
Throttle 
Temperature in 
Mass Flow out
Mass Flow in
Pressure
Temperature out 
 
Receiver  
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Flow control or restriction elements for gases are modelled as an isothermal throttle, for 
which the mass flow rate depends on the temperature and the pressure drop across the 
orifice (Guzzella and Onder, 2004). Volumetric flow is driven by the pressure 
difference; however the density of the output gas is influenced by both the pressure and 
the temperature. This means that the resulting mass flow varies strongly with both 
temperature and pressure in a strongly nonlinear manner. This behaviour could result in 
interactions with the receiver models to which these will be coupled. The inputs to these 
models are the inlet and outlet pressures and the input temperature. 
 
2.2.3  Gas Transfer Model 
  
Fig. 2.3 Inputs and Outputs for Gas Transfer Model 
 
The transfer of air through the engine is modelled as a volumetric pump, for which the 
volumetric efficiency and resulting mass flow rate depends on the temperature and the 
pressure difference between the inlet and exhaust manifolds (Guzzella and Onder, 
2004). Volumetric efficiency is reduced due to an increase in either the pressure 
difference or the speed. The density of the air is influenced by both the inlet pressure 
and the inlet temperature. The air mass flow consequently varies with temperature, 
pressure and speed in a nonlinear manner. This behaviour results in observed 
interactions with the receiver models and flow restrictions to which these will be 
coupled. The inputs to this model are the inlet and outlet pressures, the inlet temperature 
and the engine speed. 
Mass Flow
Temperature in 
Speed 
Pressure out
Pressure in  
Gas 
Transfer  
  13
 
2.2.4  Torque Generation Model 
  
Fig. 2.4 Inputs and Outputs for Torque Generation Model 
 
Torque production is modelled as a fuel mass flow rate dependent mean cylinder 
pressure, which acts upon the piston area with a variable thermodynamic efficiency 
which depends on several parameters. Input energy is directly proportional to the fuel 
flow as air is always present in excess; consequently the input energy is determined by 
the fuel mass flow and the calorific value. The thermodynamic efficiency is reduced by 
the pressure difference between the manifolds and as the speed increases (due to 
reduced time for gas transfer). Exhaust gas temperature and other heat losses are 
calculated from an energy balance within this model as various efficiency losses. The 
non-frictional losses are modelled as a heat flow which is split between the exhaust gas 
and the cylinder wall, whilst the frictional losses are modelled as a heat flow into the oil 
and cylinder block (Guzzella and Onder, 2004). 
 
Torque 
Exh Mass Flow
Temperature in 
Speed 
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2.2.5  Engine Speed Model 
  
Fig. 2.5 Inputs and Outputs for Engine Speed Model 
 
The engine speed is determined by the action of the engine and load torques on the 
combined inertia elements of the engine and load (Guzzella and Onder, 2004). A 
viscous friction element may need to be added to limit speed oscillation when throttle or 
load torque is varied. 
 
2.2.6   Engine Thermal Model 
 
Fig. 2.6 Inputs and Outputs for Engine Thermal Model 
 
Temperatures within the engine are modelled by a set of three thermal reservoirs linked 
by thermal resistances and with heat flows into and out of the reservoirs. These 
reservoirs model the temperatures of the cylinder wall, the volume of coolant within the 
engine and a reservoir that combines the engine block and the engine oil. The heat flows 
into the reservoir system are generated within the torque generation model as both the 
remaining waste heat that does not escape with the exhaust gas, which is transferred to 
the cylinder wall and the frictional energy losses that are transferred to the oil and the 
Oil Heat Flow 
Coolant Input Temp 
Coolant Mass Flow 
Wall Heat Flow 
Wall Temp 
Oil Temp 
 
 
Thermal 
Model 
Ambient Temp 
Coolant Output Temp 
Engine Torque 
Load Torque 
Load Inertia 
Engine Speed 
 
Engine Inertia  
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block. Heat flows from the wall to the coolant and between the coolant and the block/oil 
system. Removal of heat occurs via radiation and convection from the block to ambient 
and via the temperature change of the coolant flow. 
 
2.2.7  External Cooling Model 
 Fig. 2.7 Inputs and Outputs for External Cooling Circuit Model 
 
External cooling for this model uses a radiator model described in Guzzella and Onder 
(2004), for which the coolant temperature into the engine is dependent on the air speed 
through the radiator and the difference between the average temperature of the coolant 
within the radiator and the ambient air. A bypass pathway is provided where a portion 
of the coolant flow bypasses the radiator and is mixed with the radiator outflow to allow 
temperature control. This model would have been appropriate for the available test 
engine; however this model is only appropriate for a very small selection of marine 
applications, as these engines are typically cooled using an external circuit consisting of 
a salt water cooled heat exchanger (Wharton 1991, 101). 
Coolant Mass Flow 
Coolant Output Temp 
Ambient Temp 
Air Speed   
 
Radiator 
Bypass ratio 
Coolant Input Temp  
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2.3  Additional Required Models 
2.3.1  Speed Control and Fuel Flow 
  
Fig. 2.8 Inputs and Outputs for Speed Control Model 
 
Guzzella and Onder (2004) deals with modern automobile diesel engines, where the fuel 
mass flow rate is controlled by external electrical systems; consequently the assumption 
is made that fuel flow rate, injection pressure and injection timing can be arbitrarily 
varied. These assumptions are invalid for the types of diesel engine used in marine 
applications as these engines use engine driven mechanical positive displacement 
pumps with fixed injection timing. The consequence of this is that the flow rate is 
dependent on engine speed and that a regulatory system is necessary both to prevent 
“runaway” conditions and to maintain the engine speed within a desired range. 
Mechanical governors are used for this purpose, these consist of rotating weights for 
which centripetal acceleration is provided by spring tension, such that as the engine 
speed increases, the weights move outwards and the spring is either stretched or 
compressed, adjusting the fuel rack position, which reduces the fuel injection duration. 
This forms a nonlinear reverse acting proportional control system, where the set point is 
determined by the amount by which the return spring is pretensioned by varying the 
throttle lever position.  
 
Speed 
Throttle Pos
Fuel Mass
 
Speed Control  
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2.3.2  Alternator Load 
 
Fig. 2.9 Inputs and Outputs for Load Model 
 
The load model used within this simulation is an alternator for electricity generation. 
This load type generates a torque that is proportional to the electrical power drawn and 
inversely proportional to the engine speed. For a limited range of operating speeds the 
voltage output from this load type is constant as an internal regulator varies the 
magnetic field to achieve a constant voltage. Consequently it can be modelled as a 
linear load for which a power transducer can be used to determine the torque. 
 
2.3.3  Oil Pressure 
 
Fig. 2.10 Inputs and Outputs for Oil Pressure Model 
 
Oil flow is provided via an engine driven positive displacement pump discharging into 
oil galleries which are treated as a reservoir containing an incompressible fluid. The 
discharge from the galleries is modelled using two valves with temperature dependent 
discharge coefficients to model the effect of temperature on viscosity. One of these 
valves is constantly open and models oil flow into bearing journals and discharge from 
oil sprayers, the other behaves as the control element for a reverse acting proportional 
Oil Temp 
Speed 
Oil Pressure 
Lubrication 
System 
Speed 
Power Draft Load Torque 
 
Alternator 
Load Inertia 
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pressure controller, which is used to model the pressure relief valve. The result is that 
this model displays the type of behaviour observed, with oil pressure increasing with 
engine speed and decreasing with temperature. 
 
2.3.4  Coolant Flow and Radiator Air Speed 
 
Fig. 2.11 Inputs and Outputs for Coolant Flow Model 
 
Coolant flow is achieved using an engine driven centrifugal pump, for which flow is 
proportional to speed but limited by the inlet/outlet pressure difference and flow limits 
are modelled by a constantly open valve acting as the flow restrictions which generate 
back pressure and limiting the pump flow at a maximum pressure difference of 1 atm to 
model the flow/ pressure behaviour of this pump type. The air speed through the 
radiator is modelled as proportional to the engine speed. 
 
2.3.5  Coolant Bypass Ratio 
 
Fig. 2.12 Inputs and Outputs for Coolant Bypass Model 
 
Temperature regulation is achieved in this engine using a wax pellet thermovalve, 
where the wax melts at a minimum temperature and the valve then opens in proportion 
to the temperature as the wax expands up to a maximum temperature at which the valve 
Coolant Output Temp  Bypass Ratio 
 
Thermovalve 
Speed 
Air Speed  Coolant Pump 
and Radiator Fan  Coolant Mass Flow 
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is fully open. For this model the bypass ratio is defined such that all coolant flow 
bypasses the radiator for a bypass ratio of unity and all coolant flows through the 
radiator for a ratio of zero.  
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Chapter 3 – Model Formulation  
3.1  Assembly of the model elements 
To convert the model elements identified in the previous chapter into a usable 
simulation, it is necessary to synthesise them into a set of larger units which will 
become logical elements in the final design. This requires that the models can be 
assembled into blocks which can be used in the simulation as replaceable elements. The 
divisions that are suggested based on the desired applications are engine, load and 
external cooling circuit. These blocks will allow the resulting simulator to be readily 
extended to provide simulations for other load models or external cooling systems. 
Examples of possible load models could include main propulsion or pumping systems, 
whilst cooling systems could be salt water cooling using a heat exchanger (active 
transfer of salt water using a pump) or keel cooling (passive heat transfer via a grid of 
pipes mounted either within the keel or on the outside of the hull). 
 
3.1.1  Engine Block Development 
Development of an independent block for the engine will involve the combination of 
many of the model elements described in Chapter 2. Elements that will be included in 
this block are two gas receivers for the inlet and exhaust manifolds. These will require a 
pair of compressible flow elements to regulate the flow within the air intake and exhaust 
outlet. Flow between the two gas receivers is controlled by the composite system of the 
gas exchange block, the torque generation block, the speed/inertia block and the speed 
control block.  
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Fig. 3.1 Inputs and Outputs for an Overall Model of the Engine 
 
These elements, which are described in the section shown in parenthesis after the block 
description, combine into the overall block shown above as shown in the following 
block diagram for the engine model, which introduces the symbols that will be used for 
state variables throughout the remainder of this chapter. 
Speed 
Coolant Output Temp 
Ambient Temp 
Ambient Pressure 
Load Torque 
Throttle   
 
 
 
Engine 
Model  Load Inertia 
Coolant Input Temp 
Exh Gas Temp 
Oil Temp 
Oil Pressure
Coolant Mass Flow  
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Fig. 3.2 Internal Structure of the Engine Model 
 
Notation used in the engine block diagram is defined in the following table. 
Table 3.1 - Symbols and units used in the engine model  
Symbol Description  Units 
Pa  Atmospheric pressure  Pa (absolute) 
Pm  Inlet manifold pressure  Pa (absolute) 
Pexh  Exhaust manifold pressure  Pa (absolute) 
Poil Oil  pressure  Pa  (gauge) 
θa Ambient  temperature  K 
θm Inlet  manifold  temperature  K 
θexh,in  Exhaust manifold input gas temperature  K 
θexh  Exhaust manifold gas temperature  K 
θc,in  Coolant inlet temperature  K 
θc,out Coolant  outlet  temperature  K 
θoil Oil  temperature  K 
Fmair,in  Air intake mass flow rate  kg/s 
Fmair  Air mass flow rate  kg/s 
Fmexh  Exhaust gas mass flow rate  kg/s 
Fmexh,out  Exhaust outlet mass flow rate  kg/s 
Fmfuel  Fuel mass flow rate  kg/s 
θc,out 
Fmc 
ωed  θc,in 
θc,in 
θc,out 
Fmc 
Fmfuel 
Poil 
θa 
θoil 
θoil 
θoil 
Qwall  Qoil 
Pa 
θexh  ωe 
ωe 
ωe 
ωe 
ωe 
Il  Tl 
Te 
Te 
Fmexh,out 
Fmexh 
Fmexh,out 
Pexh 
θexh,in 
θexh 
θa 
Fmair 
Fmair,in 
Fmair 
θm 
θm 
Pexh 
Pm 
Pexh 
Pm 
Torque Generation (2.2.4) 
Pm 
Air Intake (2.2.2) 
θa  Pa 
Inlet Manifold (2.2.1) 
Gas Exchange (2.2.3) 
Exhaust Manifold (2.2.1) 
Exhaust Outlet (2.2.2) 
Speed Control (2.3.1) 
Engine Speed (2.2.5) 
Thermal Model (2.2.6) 
Lubrication (2.3.3)  
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Fmc  Coolant mass flow rate  kg/s 
Te Engine  torque  Nm 
Tl Load  torque  Nm 
Il Load  inertia  Kgm
2 
ωe  Engine speed  Rad/s 
ωed  Throttle setpoint  % 
 
 
3.1.2  External Cooling System Block Development 
A block for the external cooling circuit will comprise elements to model coolant flow 
rate, air speed, bypass ratio and heat loss from a radiator. This is much simpler than the 
engine block; however it is desirable to separate the two to allow the cooling system 
model to be replaced with a model for dual circuit liquid cooling, as this may be 
required for future development. 
  
Fig. 3.3 Inputs and Outputs for an Overall Model of the External Cooling Circuit 
 
The following block diagram shows how the cooling circuit model elements combine 
into the overall cooling system module. 
Coolant Output Temp 
Speed 
Ambient Temp 
Coolant Input Temp 
Coolant Mass Flow
External 
Cooling Circuit 
Model  
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Fig. 3.4 Internal Structure of External Cooling Circuit Model 
 
Notation used in the cooling system block diagram is defined in the following table. 
Table 3.2 - Symbols and units used in the cooling system model 
Symbol Description  Units 
θa Ambient  temperature  K 
θc,out  Engine outlet coolant temperature  K 
θc,in  Engine inlet coolant temperature  K 
ωe Engine  speed  Rad/s 
Fmc  Coolant mass flow rate  kg/s 
Fmby Bypass  ratio  [0,1] 
vair  Air speed through radiator  m/s 
 
3.1.3  Load Model and Simulation Block Diagram 
The load model used in this simulation is a simple alternator model. 
  
Fig. 3.5 Load Model Symbols 
 
The symbols used are defined in the following table. 
 
Lp 
ωe 
Tl 
 
Alternator 
Il 
θc,out  θa 
Fmby 
θc,out  θa 
θc,in  Fmc 
vair  Fmc 
ωe 
Coolant Pump and 
Radiator Fan (2.3.4) 
Thermovalve (2.3.5) 
Radiator (2.2.7)  
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Table 3.3 - Symbols and units used in the load model 
Symbol Description  Units 
Lp  Load power draft  W 
Tl Load  Torque  Nm 
Il  Engine inlet coolant temperature  kgm
2 
ωe Engine  speed  Rad/s 
  
This provides a complete set of the modules required to assemble a simulation of the 
proposed test system. These modules can be synthesised into an overall input/output 
model as shown in the following block diagram. All symbols are as previously defined. 
Fig. 3.6 Structure of Test System Model 
 
The final simulation is mostly noninteractive as it has only a disturbance input which is 
the applied load and generates as outputs the engine parameters to be monitored. This is 
a reasonable representation of the interaction that is possible with a real generating set. 
Fmc 
Lp 
Poil  θoil  θexh 
θc,out 
θc,out 
θc,in 
θa 
Il  Tl 
ωe  ωe 
ωe 
ωed  Pa 
Alternator Model 
Engine Model 
External Cooling System  
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Fig. 3.7 Inputs and Outputs for an Overall Model of the Test Genset 
 
Speed 
Coolant Output Temp 
Load Power 
 
 
 
 
Genset Simulator  Exh Gas Temp 
Oil Temp 
Oil Pressure 
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3.2  Model Equations 
The model is defined by both literature and first principles balance equations. These 
equations are mostly nonlinear differential equations, which may require alteration to 
suit the requirements of the project. As the resulting equations will be continuous time 
differential equations they will require discretisation for use in a simulation. For the 
development of this simulation the Euler method for discretisation is used as it is simple 
to implement and can cope with nonlinear equations. The resulting equations are 
nonlinear difference equations which can be directly implemented in a real-time 
numerical simulation. 
 
3.2.1  Inlet and Exhaust Manifold Equations 
The two manifolds are modelled as gas receivers, which are modelled by mass and 
energy balances according to the following derivation, which appears in Guzzella and 
Onder (2004). 
 
A mass balance is defined by the conservation equation 
) ( ) ( t m t m
dt
dm
out in & & − =             ( 3 . 1 )  
And an energy balance is defined by 
) ( ) ( t H t H
dt
dU
out in & & − =           ( 3 . 2 )  
These are coupled by the ideal gas law 
) ( ) ( ) ( t R t m V t P θ ⋅ ⋅ = ⋅         ( 3 . 3 )  
And the thermodynamic relations 
) ( ) ( ) ( t m t c t U v ⋅ ⋅ = θ           (3.4) 
) ( ) ( ) ( t m t c t H in in p in & & ⋅ ⋅ = θ          (3.5)  
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) ( ) ( ) ( t m t c t H out p out & & ⋅ ⋅ = θ          (3.6) 
Substitution of (3.3), (3.4), (3.5) and (3.6) into (3.1) and (3.2) yields the following 
coupled differential equations 
⎥ ⎦
⎤
⎢ ⎣
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These are discretised to generate the required difference equations 
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These allow the simulation of the temperature and pressure within the receivers and 
have the following inputs, outputs and parameters: 
Table 3.4 - Symbols and units used in the manifold models 
Symbol Description  Unit 
P(k-1)  Pressure value from previous iteration  Pa 
θ(k-1)  Temperature value from previous iteration  K 
) (k min &   Input mass flow rate calculated earlier this iteration  kg/s 
θin(k)  Input temperature calculated earlier this iteration  K 
) 1 ( − k mout &   Output mass flow rate from previous iteration  kg/s 
Δt Sampling  time  s 
R  Gas constant for gas in receiver  J/kg/K 
V Receiver  volume  m
3 
cp  Constant pressure specific heat  J/kg/K 
cv  Constant volume specific heat  J/kg/K 
P(k)  Calculated pressure for this iteration  Pa 
θ(k)  Calculated temperature for this iteration  K 
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3.2.2  Compressible Flow Equations 
The air intake and the exhaust outlet are modelled as compressible flow elements, which 
are modelled as a temperature and pressure dependent mass flow rate, according to the 
following equations (Guzzella and Onder, 2004). 
 
The mass flow rate is modelled by 
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Where Ψ is the flow function defined by 
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Pcr is the critical pressure at which flow reaches sonic conditions. It is defined by 
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          ( 3 . 1 3 )  
Equation (3.12) is not correctly defined for Pout<Pcr as there is a discontinuity at Pout = 
Pcr. However this can be corrected by solving the second part for Pout=Pcr and making 
the first part equal to this value. 
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For air or exhaust gas, where κ is about 1.4, (3.12a) can be approximated by 
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Area is constant, and as inlet pressures and temperatures are calculated before this block 
it is only necessary to use the previous value for the output pressure in the discrete time 
system. The resulting equations become 
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This element is used to simulate pressure driven gas mass flow into the inlet manifold or 
out of the exhaust manifold. It has the following inputs, outputs and parameters: 
Table 3.5 - Symbols and units used in the compressible flow models 
Symbol Description  Unit 
Pin(k)  Inlet side pressure calculated this iteration  Pa 
Pout(k-1)  Outlet side pressure calculated in previous iteration  Pa 
θin(k)  Inlet temperature calculated this iteration  K 
A Orifice  area  m
2 
cd Discharge  coefficient  J
1/2s/m/kg
1/2 
R  Gas constant for gas in receiver  J/kg/K 
) (k m &   Orifice mass flow rate  kg/s 
 
 
3.2.3  Gas Transfer Equations 
Air transfer through the engine is modelled as a volumetric pump. The volumetric 
efficiency of this pump varies with the speed and the pressure drop across the engine. 
The behaviour of this system is modelled by the following equations (Guzzella and 
Onder, 2004). 
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The mass flow rate is modelled by 
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Where ηvol is the volumetric efficiency, which consists of a pressure efficiency loss and 
a speed efficiency loss 
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The pressure efficiency loss can be modelled as 
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The speed efficiency loss should be determined by fitting experimental data to a curve 
and using the resulting equation as the model; however as experimental data was not 
available a linear decrease in efficiency is used as a first approximation 
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Density of the intake air depends on its temperature and pressure 
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Considering the order in which it is necessary to calculate the values in the discrete time 
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The pump model for the air flow through the engine has the following inputs, outputs 
and parameters: 
Table 3.6 - Symbols and units used in the gas transfer model 
Symbol Description  Unit 
Pm(k)  Inlet manifold pressure calculated this iteration  Pa 
θm(k)  Inlet manifold temperature calculated this iteration  K 
Pexh(k-1) Exhaust  manifold  pressure calculated in previous 
iteration 
Pa 
ωe(k-1)  Engine speed calculated in previous iteration  Rad/s 
Rair  Gas constant for air  J/kg/K 
CR Compression  ratio   
ωmin  Minimum nominal speed  Rad/s 
ωmax  Maximum nominal speed  Rad/s 
Vd Displacement  volume  m
3 
N  Number of revolutions per cycle   
ηvol,P(Pm)  Pressure component of volumetric efficiency   
ηvol,ω(ωe)  Speed component of volumetric efficiency   
ηvol(Pm,ωe)  Overall volumetric efficiency   
ρin(k)  Density of input gas  kg/m
3 
) (k m &   Air mass flow rate through engine  kg/s 
 
 
3.2.4  Torque Generation Equations 
Torque generation is modelled as a constant pressure expansion doing work to generate 
a torque. The brake mean effective pressure is calculated from the maximum mean 
pressure that could be generated from the fuel’s heat energy (fuel mean effective 
pressure), which is modified by thermodynamic efficiencies (Guzzella and Onder, 
2004). 
 
The brake mean effective pressure is defined as 
d
e
me V
T
P
π 4 ⋅
=              ( 3 . 2 7 )  
And the fuel mean effective pressure is 
d
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P
⋅
= ,           ( 3 . 2 8 )  
The fuel mass per cycle is calculated from  
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The thermodynamic efficiency losses are approximated by 
,...) , , ( ,...) , , ( 0 , exh air e me fuel m e fuel me m P P m P θ ω λ ω η − ⋅ =      (3.30) 
The efficiency term depends on many variables; however it is dominated by an engine 
speed term and can be approximated by 
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The intercept term for the brake mean effective pressure is split between two terms 
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The gas transfer term is defined by 
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And the frictional term is 
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For which the parameters are (Guzzella and Onder 2004, 69) 
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These convert to the following sequence of discrete time equations 
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Conservation of mass provides the exhaust gas mass flow rate 
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Conservation of energy provides the exhaust gas temperature and waste heat flows 
π
ω
4
) 1 ( ) ( ) ( 0
d
e f me oil
V
k k P k Q − ⋅ = &         ( 3 . 4 4 )  
π
ω
4
) 1 ( )) ( ) ( ) ( ( ) ( 0 ,
d
e f me me fuel m exh exh
V
k k P k P k P k k Q − ⋅ − − ⋅ = &      (3.45) 
) ( ) (
4
) 1 ( ) ( ) ( , k Q k Q
V
k k P k Q exh oil
d
e fuel m wall & & & − − − ⋅ =
π
ω       (3.46) 
) (
) (
) ( ) (
, k m c
k Q
k k
exh exh p
exh
m exh &
&
⋅
+ =θ θ         ( 3 . 4 7 )  
The torque generation model has the following inputs, outputs and parameters: 
Table 3.7 - Symbols and units used in the torque generation model 
Symbol Description  Unit 
) 1 ( − k mfuel &   Fuel mass flow rate from previous iteration  Kg/s 
) (k mair &   Fuel mass flow rate from previous iteration  Kg/s 
Pm(k)  Inlet manifold pressure calculated this iteration  Pa 
θm(k)  Inlet manifold temperature calculated this iteration  K 
Pexh(k-1) Exhaust  manifold  pressure calculated in previous 
iteration 
Pa 
ωe(k-1)  Engine speed calculated in previous iteration  Rad/s 
Hl  Lower heating value of fuel  J/kg 
Vd Displacement  volume  m
3 
S Stroke  length  m 
B  Cylinder bore diameter  m 
kexh  Waste heat fraction to exhaust  [0,1] 
cp,exh  Exhaust gas constant pressure specific heat  J/kg/K 
mfuel(k)  Fuel mass per cycle  kg 
Pm,fuel(k)  Fuel mean effective pressure  Pa 
Pme0g(k)  Gas transfer pressure loss  Pa 
Pme0f(k)  Frictional pressure loss  Pa 
Pme0(k)  No load pressure loss  Pa  
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η(k) Thermodynamic efficiency   
Pme(k)  Brake mean effective pressure  Pa 
Te(k) Engine  torque  Nm 
) (k mexh &   Air mass flow rate through engine  kg/s 
) (k Qoil &   Heat flow to oil  J/s 
) (k Qexh &   Heat flow to exhaust gas  J/s 
) (k Qwall &   Heat flow to cylinder wall  J/s 
θexh(k)  Exhaust temperature into manifold  K 
 
3.2.5 Engine  Speed  Equations 
Engine speed depends on the inertia of the engine/load system and the engine and load 
torques, according to the following equations (Guzzella and Onder, 2004). 
 
The speed is defined by the torque balance 
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This is discretised yielding 
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The resulting engine speed model has the following inputs, outputs and parameters: 
Table 3.8 - Symbols and units used in the engine speed model 
Symbol Description  Unit 
ωe(k-1)  Engine speed from previous iteration  Rad/s 
Te(k) Engine  torque  for  current iteration  Nm 
Tl(k-1)  Load torque from last iteration  Nm 
Δt Sample  time  s 
Ie Engine  inertia  kgm
2 
Il Load  inertia  kgm
2 
B  Viscous friction element to model undetermined 
auxiliary loads eg. pumps, fans, load bearing losses 
Nms/Rad 
ωe(k)  Orifice mass flow rate  Rad/s 
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3.2.6 Speed  Control 
The engine speed is controlled by a mechanical governor. This is modelled by a force 
balance between centripetal acceleration of a set of rotating weights and tension in a 
nonlinear spring. The system can be modelled as a translational system with a mass, 
spring and damping element. 
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A consequence of this formulation is that the process variable input varies quadratically. 
This requires the setpoint to be mapped to a similar curve, which is done using a 
nonlinear spring constant. This spring constant is defined to vary quadratically with the 
throttle position, allowing the behaviour of the input signal to be matched. The 
following table shows the range of speeds to be covered and the resulting range of 
spring force required at each speed range using a first-principles model and assuming a 
combined ball mass of 0.030 kg and a range of movement of 0.025 m <= r <= 0.050 m. 
 
Table 3.9 - Mean governor spring constant at various speeds 
Throttle Speed  Rads/s MinForce  MaxForce  Slope 
0 600  62.83185  2.960881  5.921763  118.4353 
25 1500  157.0796  18.50551  37.01102  740.2203 
50 2400  251.3274  47.3741  94.7482  1894.964 
75 3300  345.5752  89.56666  179.1333  3582.666 
100 4200  439.823  145.0832  290.1664  5803.327 
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This data is plotted and fitted to a quadratic function of the throttle position. 
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     Fig. 3.8 Relationship between Governor Spring Constant and Throttle Position 
 
This yields the following model for the spring constant as a function of the set point 
44 . 118 212 . 14 4264 . 0
2 + + = ed ed gov K ω ω          ( 3 . 5 1 )  
As the system is second-order it is oscillatory so damping will be required. 
This follows a similar model to the spring constant and is treated identically. 
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                Fig. 3.9 Relationship between Governor Damping Coefficient and Throttle Position 
 
 
Table 3.10 - 
Governor damping 
coefficient at various 
throttle positions 
Throttle Damping 
8 20 
31 110 
48 370 
75 950 
93 1500  
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The damping coefficient is defined by 
201 . 21 6331 . 2 1997 . 0
2 + − = ed ed gov B ω ω        ( 3 . 5 2 )  
Fuel is pumped by an engine driven positive displacement pump, it is modelled as a 
speed dependent fuel mass flow rate, which varies linearly up to a limiting mass flow 
rate. 
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The fuel rack position is determined from the output of the controller equation (3.50) 
min max
min 1
r r
r r
yrack −
−
− =           ( 3 . 5 4 )  
The fuel mass flow rate is given by 
ω , fuel rack fuel m y m & & ⋅ =           ( 3 . 5 5 )  
For a discrete time implementation the sequence of equations becomes 
44 . 118 ) ( 212 . 14 )) ( ( 4264 . 0 ) (
2 + + = k k k K ed ed gov ω ω       (3.56) 
201 . 21 ) ( 6331 . 2 )) ( ( 1997 . 0 ) (
2 + − = k k k B ed ed gov ω ω       (3.57) 
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) ( ) ( ) ( , k m k y k m fuel rack fuel ω & & ⋅ =          ( 3 . 6 1 )  
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The speed controller has the following inputs, outputs and parameters: 
Table 3.11 - Symbols and units used in the speed control model 
Symbol Description  Unit 
ωe(k)  Engine speed from current iteration  Rad/s 
ωed(k)  Throttle position from current iteration  % 
r(k-1)  Ball position from last iteration  m 
r(k-2)  Ball position two iterations ago  m 
Δt Sample  time  s 
mballs  Combined mass of rotating balls  kg 
max , fuel m &   Maximum possible fuel mass flow rate  kg/s 
ωe,fuel  Engine speed for maximum fuel mass flow rate  Rad/s 
rmin  Lower limit for ball position  m 
rmax  Upper limit for ball position  m 
Kgov Governor  spring  constant  N/m 
Bgov  Governor damping coefficient  Ns/m 
r(k) Ball  position  m 
) ( , k mfuel ω &   Maximum fuel mass flow rate at current speed  kg/s 
yrack Fuel  rack  position  [0,1] 
) (k mfuel &   Fuel mass flow rate  kg/s 
 
 
3.2.7  Thermal Model and Oil Pressure 
The engine thermal model consists of three coupled heat reservoirs. These represent the 
cylinder wall, coolant mass in the cooling jacket and a combined reservoir for the oil 
and engine block. Heat flows are defined as entering the cylinder wall and being 
transferred to the coolant, then from the coolant to the block and oil. An additional heat 
flow represents frictional losses to the oil. Heat leaves the system due to the flow of 
coolant and via radiation and convection from the block to the ambient (Guzzella and 
Onder, 2004). 
 
The cylinder wall temperature is modelled by 
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The coolant temperature is modelled by 
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The oil temperature is modelled by 
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The lubrication system is modelled as an engine driven positive displacement pump 
feeding two valves, one of which is permanently open and represents the oil discharge 
from sprayers and into bearings, the other being controlled by a proportional controller 
and representing the pressure relief valve. Oil flow rate is proportional to engine speed; 
however oil pressure is a nonlinear pure-gain system, which will depend on viscosity, 
temperature and the discharge coefficients of the relief valve and oil sprayers. 
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The relief valve is controlled by a proportional controller with offset 
() oil oild p P P k A − ⋅ − = 5 . 0          ( 3 . 6 6 )  
The discrete time equations become 
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() ) 1 ( 5 . 0 ) ( − − ⋅ − = k P P k k A oil oild p         ( 3 . 7 0 )  
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The cooling and lubrication system has the following inputs, outputs and parameters: 
Table 3.12 - Symbols and units used in the cooling and lubrication model 
Symbol Description  Unit 
θwall(k-1) Previous  wall  temperature  K 
θc,out(k-1)  Previous coolant output temperature  K 
θc,in(k-1)  Previous coolant input temperature  K 
θoil(k-1)  Previous oil temperature  K 
θa(k) Current  ambient  temperature  K 
) (k Qwall &   Current heat flow into cylinder wall  J/s 
) (k Qoil &   Current heat flow into oil  J/s 
Poil(k-1)  Previous oil pressure  Pa (gauge) 
ωe(k)  Engine speed from current iteration  Rad/s 
Δt Sample  time  s 
cblock  Engine block specific heat  J/kg/K 
cc  Coolant specific heat  J/kg/K 
coil  Oil specific heat  J/kg/K 
mwall Cylinder  wall  mass  kg 
mc Coolant  mass  kg 
mblock Engine  block  mass  kg 
moil Oil  mass  kg 
Rwc  Wall to coolant thermal resistance  Ks/J 
Rco  Coolant to oil thermal resistance  Ks/J 
Rba  Block to ambient thermal resistance  Ks/J 
kp Proportional  gain   
Poild  Nominal oil pressure set point  Pa 
kωp  Proportionality constant for engine speed  s/Rad 
cd1  Pressure relief valve discharge coefficient  P/K/Pa
1/2 
cd2 Oil  sprayer  discharge coefficient  P/K/Pa
1/2 
μoil Oil  viscosity  P 
θwall(k) Current  wall  temperature  K 
θc,out(k)  Current coolant output temperature  K 
θoil(k)  Current oil temperature  K 
A(k)  Proportion of relief valve open  [0,1] 
Poil(k)  Current oil pressure  Pa (gauge) 
 
 
3.2.8  External Cooling Circuit 
The external cooling circuit consists of a fan, water pump, radiator and bypass valve. 
Guzzella and Onder (2004) provide a model for a radiator with bypass. Models for a 
bypass valve, fan and water pump are added to the system. 
 
The coolant mass flow rate is modelled by 
c dc
c
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e
c P c
P
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dt
dP
⋅ − ⋅ =
ω ω          ( 3 . 7 2 )   
  42
c dc c c P c m ⋅ ⋅ = ρ &           ( 3 . 7 3 )  
 
The air speed through the radiator is modelled by 
e v air k v ω ω ⋅ =            ( 3 . 7 4 )  
The bypass mass flow rate is modelled by 
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And the radiator mass flow rate is 
by c rad m m m & & & − =           ( 3 . 7 6 )  
The temperature of the coolant leaving the radiator is given by 
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Where the heat transfer coefficient for the radiator is given by 
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The coolant temperature returning to the engine is 
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The discrete time equations become 
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) ( ) ( k P c k m c dc c c ⋅ ⋅ = ρ &          ( 3 . 8 4 )  
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The external cooling circuit has the following inputs, outputs and parameters: 
Table 3.13 - Symbols and units used in the external cooling circuit model 
Symbol Description  Unit 
ωe(k)  Engine speed from current iteration  Rad/s 
Pc(k-1)  Previous coolant Pressure  Pa (gauge) 
θc,out(k)  Current coolant output temperature  K 
θr,out(k-1)  Previous radiator output temperature  K 
θa(k) Current  ambient  temperature  K 
Δt Sample  time  s 
kωv  Engine speed to air speed proportionality constant  m/Rad 
kωPc  Engine speed to coolant pressure proportionality 
constant 
Pas/Rad 
cdc  Coolant discharge coefficient  J/kg/K 
ρc  Coolant density  Kg/m
3 
cc  Coolant specific heat  J/kg/K 
Ar  Radiator heat exchange area  m
2 
mr Radiator  coolant  mass  kg 
vair(k)  Air speed through radiator  m/s 
Pc(k)  Current coolant pressure  Pa (gauge) 
) (k mc &   Current coolant mass flow rate  kg/s 
) (k mby &   Bypass mass flow rate  kg/s 
) (k mrad &   Radiator mass flow rate  kg/s 
αr  Radiator heat transfer coefficient  J/m
3/K  
  44
) ( , k Q in r &   Heat flow into radiator  J/s 
) ( , k Q out r &   Heat flow out of radiator  J/s 
θr,out(k) Radiator  output  temperature  K 
θc,in(k) Coolant  input  temperature  K 
 
3.2.9 Load  Model  Equations 
The load model is an alternator. It produces a load torque that is proportional to the 
applied power and inversely proportional to the alternator efficiency and engine speed. 
 
The load torque is modelled by 
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The resulting load model has the following inputs, outputs and parameters: 
Table 3.14 - Symbols and units used in the load model 
Symbol Description  Unit 
ωe(k)  Engine speed from current iteration  Rad/s 
Lp(k)  Load power from current iteration  W 
ηalt Alternator  efficiency   
Tl(k) Load  torque  Nm 
Il Load  inertia  kgm
2 
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Chapter 4 – Implementation of the Simulation  
4.1 Platform  Selection 
LabVIEW was selected as the platform to implement this simulation due to its support 
for various physical I/O systems and the possibility of porting the simulation to various 
real-time controllers. The graphical dataflow programming system used in LabVIEW 
provided a highly intuitive and easy to use platform. SubVIs allow code to be readily 
modularised and data structures simplify the organisation. This greatly simplifies the 
separation of the simulation into reusable modules. This will enable future 
implementation of other load and cooling models. Additional advantages of a LabVIEW 
simulation are the use of a PC to run the code, which limits issues that may occur if the 
implementation was done on a PLC or a microcontroller. 
 
PLCs are able to run such a simulation; however they have limited computational speed 
when processing floating point values and are consequently a poor choice. 
Microcontrollers may be able to run this type of model; however they typically do not 
have hardware floating point support. Consequently they will either be restricted by an 
integer implementation or slowed down by a software floating point implementation. 
 
A final possibility for the implementation of this model within a device for use in the 
field once the model itself has been completed and fully tested is the use of special 
purpose ICs such as digital signal processing (DSP) ICs and field programmable gate 
arrays (FPGAs). These devices are suitable for the development of custom hardware as 
they can typically be implemented to perform specialised floating point calculations 
very quickly in hardware and can be combined to handle large amounts of analogue I/O. 
However these devices use specialised calculation instructions in the case of DSP 
controllers and hardware description languages for FPGAs. This represents a significant  
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learning curve, and it would be more appropriate for a future extension of this project to 
port the model to one of these devices once the model has been validated. It is 
preferable to develop and test the model on a familiar and currently available platform 
than to attempt to concurrently develop a model and learn an unfamiliar platform. This 
is especially true given that LabVIEW allows the installation of add-ins which allow the 
model to be directly ported to these devices. 
 
This represents a clear advantage in the use of LabVIEW, with its graphical 
programming and intuitive layout, and PC hardware, which has native floating point 
support and much greater processing power. This allows a complex simulation to be 
implemented and tested using a single hardware and software package, without the 
significant time and cost associated with the selection of and development for a PLC or 
dedicated microcontroller system. 
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4.2 Implementation  of  the Model within LabVIEW 
The simulation was implemented as multiple subVIs, each of which represented one of 
the model subsystems for which the equations are derived in Chapter 3. These SubVIs 
are interconnected using clusters where possible, to simplify data management. Each 
SubVI has an input cluster, an output cluster and a parameter cluster. Some of the model 
elements require an additional cluster for feedback values from previous iterations. 
These are designed to accept the contents of the output cluster so this can be sent to a 
shift register. The parameter clusters for the engine subsystem models are combined 
into a cluster of clusters within an engine parameter SubVI to allow common 
parameters to be set using a single control. 
 
Modules that have been implemented are: 
•  Compressible flow – models compressible flow through an orifice according to 
equations (3.15) and (3.16). 
•  Gas receiver – models temperature and pressure within a receiver as a response 
to mass flow rates into or out of the receiver. Refer to eq. (3.9) and (3.10). 
•  Gas exchange – gas transfer processes through the engine are modelled as 
described by eq. (3.22), (3.23), (3.24), (3.25) and (3.26). 
•  Torque generation – torque produced by the engine and resulting heat losses are 
modelled as described in equations (3.35), (3.36), (3.37), (3.38), (3.39), (3.40), 
(3.41), (3.42), (3.43), (3.44), (3.45), (3.46) and (3.47). 
•  Engine speed – models the engine speed as a response to the engine and load 
torques. Refer eq. (3.49). 
•  Speed control – models the behaviour of a mechanical injection pump and speed 
controller according to equations (3.56), (3.57), (3.58), (3.60) and (3.61).  
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•  Cooling and lubrication – a model of the temperatures within the engine and of 
the oil pressure as described by equations (3.67), (3.68), (3.69), (3.70) and 
(3.71). 
•  External cooling circuit – models the fan, radiator, coolant pump and 
thermovalve. Described by equations (3.82), (3.83), (3.84), (3.85), (3.86), (3.87), 
(3.88), (3.89), (3.90) and (3.91). 
•  Alternator load – a generator load model defined by equation (3.93). 
 
With the exception of the last two items this forms the engine model, with the last two 
elements representing replaceable load and cooling system models. 
 
4.3 Parameter  Handling 
Parameters for each model element were provided as clusters. There were a number of 
common parameters within the engine model so an additional SubVI was created to 
organise a single cluster of engine parameters into a cluster of clusters containing as 
elements the parameter clusters for each subsystem. This allowed all engine parameters 
to be accessed from one common cluster control. Default values were selected from 
literature or assumed based on typical values; these are set within the program code. 
However, these can be modified at the front panel during operation. Separate clusters of 
controls were used for parameters for the load and cooling systems. A final cluster 
allowed selection of global parameters for the simulation (currently only atmospheric 
pressure and ambient temperature). The contents of these clusters and the values used 
are shown in the following tables. 
 
Table 4.1 - Global Model Parameters 
Parameter Description  Value  Unit 
θa Ambient  temperature  298  K 
Pa Atmospheric  pressure  101300  Pa  
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Table 4.2 - Load Model Parameters 
Parameter Description  Value  Unit 
ηalt Alternator  efficiency  0.8  unitless 
Il Load  inertia  0.05 kgm
2 
 
Table 4.3 - External Cooling Model Parameters 
Parameter Description  Value  Unit 
kωv Fan  pitch  0.4  m/rev 
kωPc  Coolant pressure coefficient  645  Pas/Rad 
cdc  Coolant discharge coefficient  1.571x10
-5 m
3/s/Pa
1/2 
ρc  Coolant density  1000  kg/m
3 
cc  Coolant specific heat  4190  J/kg/K 
Ar  Radiator heat exchange area  10  m
2 
mr  Coolant mass in radiator  2  kg 
 
Table 4.4 - Engine Model Parameters 
Parameter Description  Value  Unit 
Cd,air  Air intake discharge coefficient  0.045  J
1/2s/m/kg
1/2 
Aair  Air intake orifice area  0.001963  m
2 
Rair Air  gas  constant  287.1  J/kg/K 
cp,air  Constant pressure specific heat of air  1010  J/kg/K 
cv,air  Constant volume specific heat of air  720  J/kg/K 
Vm Inlet  manifold  volume  0.005  m
3 
Vd Displacement  volume  0.001863  m
3 
B  Cylinder bore diameter  0.086  m 
S  Piston stroke length  0.082  m 
CR Compression  ratio  21  unitless 
ωmin  Minimum nominal speed for volumetric efficiency  6.8  Rad/s 
ωmax  Maximum nominal speed for volumetric efficiency  418  Rad/s 
Hl  Fuel lower heating value  4.3333x10
7 J/kg 
Ie Engine  inertia  0.004375  kgm
2 
B  Viscous friction coefficient  0.03035  Nms/Rad 
max , fuel m &   Maximum possible fuel mass flow rate  0.004375  kg/s 
ωe,fuel  Engine speed for maximum fuel mass flow rate  314.16  Rad/s 
cc  Coolant specific heat  4190  J/kg/K 
mc  Coolant mass in engine (reduced for testing)  1  kg 
ωed,k  Constant speed throttle set point (future use)  31  % 
Cd,exh  Exhaust outlet discharge coefficient  0.042  J
1/2s/m/kg
1/2 
Aexh  Exhaust outlet orifice area  0.001963  m
2 
Rexh Exhaust  gas  constant  286.6  J/kg/K 
cp,exh  Constant pressure specific heat of exhaust gas  1010  J/kg/K 
cv,exh  Constant volume specific heat of exhaust gas  720  J/kg/K 
Vexh Exhaust  manifold  volume  0.003  m
3 
mblock  Engine block mass (reduced for testing)  1  kg 
moil  Oil mass (reduced for testing)  1  kg 
mwall  Cylinder wall mass (reduced for testing)  1  kg 
μoil Oil  viscosity  46  P 
cd1  Pressure relief valve discharge coefficient  0.00023  P/K/Pa
1/2 
cd2 Oil  sprayer  discharge coefficient  1x10
-7 P/K/Pa
1/2 
Poild  Nominal oil pressure set point  250000  Pa (gauge) 
Rwc  Wall to coolant thermal resistance  0.001  J/s/K 
Rco  Coolant to oil thermal resistance  0.001  J/s/K  
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Rba  Block to ambient thermal resistance  1  J/s/K 
cblock  Engine block specific heat  460  J/kg/K 
coil  Oil specific heat  1679  J/kg/K 
ωed,idle  Idle speed throttle set point (future use)  8  % 
ωed,max  Max speed throttle set point (future use)  80  % 
 
4.4 Alarms  and  Fault  Simulation 
This model needs to provide digital alarm signals for values of certain variables along 
with simulation of fault conditions. A SubVI has been implemented that takes the 
output cluster from the engine model and generates a number of digital alarm signals. 
Digital alarms are generated using a comparator and an alarm set point, which can be 
adjusted from the front panel for testing. 
 
Faults that can be tested are coolant thermovalve and oil pressure relief valve failure, 
where test mode allows the valve to be forced fully open or fully closed. As these are 
both control elements the test mode forces the command signal to either 0% or 100%. 
 
Alarms that have been implemented are tabulated below with their set-points. These are 
typical values for this class of engine. Coolant temperature can slightly exceed 100
oC; 
as the cooling system is pressurised. 
Table 4.5 - Digital alarms 
Parameter Description  Set  point  Unit 
Oil pressure  Stage 1 low alarm (warning)  1  bar (gauge) 
Oil pressure  Stage 2 low alarm (shutdown)  0.9  bar (gauge) 
Coolant temp  Stage 1 high alarm (warning)  98 
oC 
Coolant temp  Stage 2 high alarm (shutdown)  103 
oC 
Oil temp  Stage 1 high alarm (warning)  110 
oC 
Exhaust gas temp  Stage 1 high alarm (warning)  600 
oC 
Speed  Stage 1 high alarm (warning)  4000  RPM 
Speed  Stage 2 high alarm (shutdown)  4100  RPM 
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Chapter 5 – Qualitative Evaluation  
5.1 Test  Method 
As the physical system was unserviceable, the model was implemented using estimates, 
literature values and manufacturer data as parameter values. The lack of an 
experimental dataset from the physical system precludes performing a quantitative 
parameterisation using experimental data. This also prevents the validation of the model 
by performing identical tests on both the experimental setup and the model and 
superimposing the results. To allow some examination of the model and confirm that 
the behaviour is at least intuitively reasonable a set of tests were done and the responses 
noted. 
 
5.2  Load Testing  
Tests included operation under overload, zero load, half load and full load conditions. 
Steady-state values at these points were noted. Transitions between these conditions 
were also observed and the observations tabulated. The results were examined to 
confirm that the behaviour of the system is physically reasonable and that it matches 
expected observations for a system of this type, for which there is first-hand experience 
of the physical system. 
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Speed change for load change from 0% to 50%
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Exhaust Temp change for load change from 0% to 50%
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Temp and pressure changes for load change from 0% to 50%
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Fig. 5.1 Engine Parameter Response to an Increase in Load from 0% to 50% 
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Table 5.1 - Steady-state values under various load conditions 
Load  Speed  Coolant temp  Oil temp  Exhaust temp  Oil press 
0% 1535  RPM  80.0 
oC 82.0 
oC 181 
oC 1.77  bar 
50% 1518  RPM  80.1 
oC 82.2 
oC 370 
oC 1.76  bar 
100% 1498  RPM  80.1 
oC 82.2 
oC 556 
oC 1.74  bar 
110% 1493  RPM  80.1 
oC 82.2 
oC 592 
oC 1.73  bar 
120% 1488  RPM  80.1 
oC 82.2 
oC 629 
oC 1.73  bar 
 
The response of the speed to a load is as expected, with an offset that increases with 
load and oscillations in speed are observed for a load change. Exhaust gas temperature 
increases with load as expected with alarm activation for the 120% load test. Coolant 
temperature shows the expected response to a change in load, with a small increase that 
causes increased flow through the thermovalve, resulting in a new steady state 
temperature that is very similar to the initial temperature. This suggests that the cooling 
system parameters are too large, allowing the removal of too much heat. This would be 
improved by empirical determination of the radiator, fan and pump parameters. The oil 
temperature remains very close to the coolant temperature, indicating that the thermal 
resistance between the two heat reservoirs is too small. 
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5.3  Failure Simulation 
Fault simulations are tested at 50% load to verify alarm activation. Oil pressure is the 
only variable currently affected by the relief valve so this is the only observed variable. 
Oil pressure response to failed open relief valve
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Fig. 5.2 Oil pressure relief valve failed open simulation at 50% load 
 
Table 5.2 - Oil pressure relief valve failure simulation at 50% load 
Fault simulated  Oil Pressure  Alarms 
None 1.76  bar  None 
Failed Closed  2.41 bar  None 
Failed Open  1.00 bar  None 
 
The absence of an alarm indicates that the discharge coefficient for the relief valve is 
too small. This will be solved in future work when the model is parameterised using 
experimental data. 
 
Coolant thermovalve faults should affect oil pressure, oil temperature and coolant 
temperature.  
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Temperature response to failed open coolant thermovalve at 50% load
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Oil pressure response to failed open coolant thermovalve at 50% load
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Fig. 5.3 Coolant thermovalve failed open simulation at 50% load 
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Temperature response to coolant thermovalve failed closed at 50% load
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Oil pressure response to coolant thermovalve failed closed at 50% load
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Fig. 5.3 Coolant thermovalve failed open simulation at 50% load 
 
Table 5.3 - Coolant thermovalve failure simulation at 50% load 
Fault simulated  Oil Pressure  Oil temp  Coolant Temp  Alarms 
None 1.76  bar  82.2 
oC 80.1 
oC None 
Failed Closed  NaN  >1250 
oC >  1250 
oC Coolant  temp 
stage 1 
Coolant temp 
stage 2 
Oil temp 
Failed Open  1.82 bar  28.8 
oC 26.6 
oC None 
 
The behaviour for failed open indicates that the thermal resistance between the oil and 
coolant is too small and that the radiator heat exchange area is too large. As these values  
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are estimated this is not surprising and highlights the need to parameterise the model 
using experimental data. The failed closed behaviour is also strong evidence for the 
need for parameterisation, as the thermal resistance between the block and ambient is 
too large to limit the temperatures to physically realistic values. This issue is evident 
from the temperature plot, where both reservoirs act like pure integrators. 
 
The oil pressure behaviour indicates issues with the temperature dependence of the 
viscosity, suggesting that the model used may need to be revised. However, when the 
model is parameterised this is likely not to be an issue as the heat flow to ambient 
should prevent the temperature from reaching such high values. This test is unrealistic 
as shutdowns would stop an engine long before temperatures reached these levels. 
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Chapter 6 – Future Work  
Many objectives were completed during this project; however there is still significant 
scope for enhancement. 
This project would benefit from the following extensions: 
•  Tidy up the block diagram and move the engine subsystems into a self-
contained engine SubVI. Increase data clustering to reduce the number of single 
variable wires on the block diagram in order to reduce clutter. 
•  Collect experimental data from a physical engine both to determine 
parameters for this model and to subsequently validate the model output. 
•  Develop a turbocharger model to extend the model to turbocharged engines 
and collect the data to parameterise. 
•  Implement additional load models for the area of application, such as a 
positive displacement pump, a centrifugal pump and a gearbox and propeller for 
main propulsion 
•  Create additional cooling system models such as heat exchanger cooling, and 
keel cooling. Extend these models to include water cooling of the exhaust 
manifold and water injection into the exhaust system. 
•  Select appropriate I/O hardware and interface the model to a physical engine 
monitoring panel. 
•  Extend the model to allow a stable zero torque, zero speed steady-state and 
implement a system to provide a starting torque to allow the engine to be started. 
Extend this to allow the fuel to be shut off and the engine to be stopped so that 
shutdowns can be simulated. 
•  Select additional failure scenarios, consider their effects and modify 
variables to achieve these effects, such as high charge air temperature on a 
turbocharged engine.  
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Considering this list of possible extensions it is clear that there is significant scope 
for future work on this project. The list is by no means exhaustive and each of the 
points has the potential to suggest many additional enhancements. This indicates 
that this project has only explored a very small area of the possibilities offered by 
this topic. 
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Conclusions 
This project has achieved the main objective of generating a model to simulate a diesel 
engine; however there is significant scope to extend and improve the model and 
enhance the simulation. 
 
The simulation developed during this project exhibits most of the qualitative behaviour 
expected from a physical engine and is suitable for interfacing to I/O hardware to test 
physical instrument panels. 
 
The simulation currently exhibits some glitches when used to test abnormal conditions. 
Many of these can be attributed to the inability to parameterise the model, as they are 
mostly due to such things as estimated thermal resistances and approximations used 
during development and testing. This suggests that the model will be improved by 
parameterisation; however the progress made during this phase should greatly simplify 
the selection of experiments and the calculation of parameters. 
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Appendix A – Physical Signals to be Simulated 
 
Signal Description  Specification 
Level 
Signal type WRT 
Engine Simulator 
Signal 
Level 
Throttle Position/Genset Load  1  Analog Input  4-20 mA 
Engine Speed  1  Frequency Output  0-20 kHz 
Lubricating Oil Pressure  1  Analog Output  4-20 mA 
Lubricating Oil Pressure Low Alarm 1  1  Digital Output  Relay 
Jacket Water Temperature  1  Analog Output  4-20 mA 
Jacket Water Temperature High Alarm 1  1  Digital Output  Relay 
Ignition  1  Digital Input  24 V 
Start  1  Digital Input  24 V 
Stop  1  Digital Input  24 V 
Charge Fail  1  Digital Output  Relay 
Jacket Water Level Low Alarm  1  Digital Output  Relay 
Preheat  1  Digital Input  24 V 
Gearbox Oil Pressure  1*  Analog Output  4-20 mA 
Gearbox Oil Pressure Low Alarm  1*  Digital Output  Relay 
Gearbox Oil Temperature  1*  Analog Output  4-20 mA 
Gearbox Oil Temperature High Alarm  1*  Digital Output  Relay 
Lubricating Oil Pressure Low Alarm 2  2  Digital Output  Relay 
Lubricating Oil Temperature  2  Analog Output  4-20 mA 
Lubricating Oil Temperature High Alarm  2  Digital Output  Relay 
Piston Coolant Outlet Temp. High Alarm  2  Digital Output  Relay 
Piston Coolant Outlet Flow Low Alarm  2  Digital Output  Relay 
Cylinder Coolant Inlet Flow Low Alarm  2  Digital Output  Relay 
Cylinder Coolant Outlet Temp. High 
Alarm 1 
2 Digital  Output  Relay 
Cylinder Coolant Outlet Temp. High 
Alarm 2 
2 Digital  Output  Relay 
Thrust Bearing Temp. High Alarm  2  Digital Output  Relay 
Exhaust Gas Temperature  2  Analog Output  4-20 mA 
Exhaust Gas Temp. High Alarm  2  Digital Output  Relay 
Turbo Outlet Exhaust Gas Temperature  2  Analog Output  4-20 mA 
Injector Line Leakage Alarm  2  Digital Output  Relay 
Lubricating Oil Level Low Alarm  3  Digital Output  Relay 
Lubricating Oil Filter High DP Alarm  3  Digital Output  Relay 
Raw Water Low Flow Alarm  3  Digital Output  Relay 
Fuel Delivery Pressure Low Alarm  3  Digital Output  Relay 
Charge Air Temp.  3  Analog Output  4-20 mA 
Charge Air Temp High Alarm  3  Digital Output  Relay 
 
* Alarms/inputs that are valid only for certain load models 
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Appendix B – Fault Conditions to be Simulated 
 
1.  Lube oil pressure high/low – faulty relief valve. 
 
2.  High coolant temperature – overload, coolant thermovalve failed closed. 
 
3.  Low coolant temperature – coolant thermovalve failed open. 
 
4.  High oil temperature – overload, coolant thermovalve failed closed. 
 
5.  High exhaust temperature – overload, overspeed. 
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Appendix C – CD Contents 
 
1.  Electronic copy of this report 
 
2.  Governor parameter spreadsheet 
 
3.  LabVIEW simulation 
 
4.  Project presentation 